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Abstract
The polarizations of prompt J/ψ and ψ(2S) mesons are measured in proton-proton
collisions at
√
s = 7 TeV, using a dimuon data sample collected by the CMS experi-
ment at the LHC, corresponding to an integrated luminosity of 4.9 fb−1. The prompt
J/ψ and ψ(2S) polarization parameters λϑ, λϕ, and λϑϕ, as well as the frame-invariant
quantity λ˜, are measured from the dimuon decay angular distributions in three dif-
ferent polarization frames. The J/ψ results are obtained in the transverse momentum
range 14 < pT < 70 GeV, in the rapidity intervals |y| < 0.6 and 0.6 < |y| < 1.2. The
corresponding ψ(2S) results cover 14 < pT < 50 GeV and include a third rapidity bin,
1.2 < |y| < 1.5. No evidence of large polarizations is seen in these kinematic regions,
which extend much beyond those previously explored.
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After considerable experimental and theoretical efforts over the past decades, the understand-
ing of quarkonium production in hadron collisions is still not fully settled [1]. In particular,
the polarization of J/ψ mesons is not satisfactorily described in the context of nonrelativistic
quantum chromodynamics (NRQCD) [2], where the purely perturbative colour-singlet pro-
duction [3] is complemented by processes including possible nonperturbative transitions from
coloured quark pairs to the observable bound states. The S-wave quarkonia directly produced
at high transverse momentum, pT, are predicted to be transversely polarized [4–6] with respect
to the direction of their own momentum. Contrary to this expectation, the CDF Collaboration
measured a small longitudinal polarization in prompt J/ψ production [7]. Since the measure-
ment includes both directly produced J/ψ mesons and those resulting from feed-down decays
of heavier charmonia, the comparison between the theoretical predictions and the experimen-
tal results remained ambiguous [8]. Also the apparent lack of kinematic continuity between the
fixed-target and the collider quarkonium polarization data [9] raises doubts on the reliability of
these complex measurements. Given the absence of feed-down decays from heavier charmonia
affecting ψ(2S) production, the measurements of the ψ(2S) polarization should be particularly
informative, especially if made with higher accuracy and extending up to higher pT than those
provided by CDF [7].
The polarization of the JPC = 1−− quarkonium states can be measured through the study of
the angular distribution of the leptons produced in their µ+µ− decay [8],
W(cos ϑ, ϕ|~λ) = 3
4pi(3+ λϑ)
(1+ λϑ cos2 ϑ + λϕ sin2 ϑ cos 2ϕ+ λϑϕ sin 2ϑ cos ϕ) , (1)
where ϑ and ϕ are the polar and azimuthal angles, respectively, of the µ+ with respect to the z
axis of the chosen polarization frame. Robust quarkonium polarization measurements require
extracting all the angular distribution parameters,~λ = (λϑ,λϕ,λϑϕ), in at least two polarization
frames, as well as a frame-invariant polarization parameter, λ˜ = (λϑ + 3λϕ)/(1− λϕ) [10–12].
This approach was followed in the Υ polarization analysis of CDF [13], in recent theoretical
calculations [14], in the detailed study of the Υ(1S), Υ(2S), and Υ(3S) polarizations performed
by CMS [15], and in the recent measurements of the J/ψ polarization at forward rapidity re-
ported by ALICE [16] and LHCb [17]. This Letter presents the analogous measurement of the
polarizations of the J/ψ and ψ(2S) mesons (abbreviated as ψ(nS), with n = 1, 2) promptly pro-
duced in pp collisions at a centre-of-mass energy of 7 TeV, at the LHC. The analysis is based on
a dimuon sample collected in 2011, corresponding to an integrated luminosity of 4.9 fb−1. The
J/ψ (ψ(2S))~λ parameters are determined in several pT bins in the range 14–70 GeV (14–50 GeV)
and in two (three) absolute rapidity bins. Such a double-differential analysis is important to
avoid obtaining diluted results from integrating over events characterized by significantly dif-
ferent kinematics [8].
The results correspond to the polarizations of the prompt ψ(nS) states. The nonprompt com-
ponent, mostly from decays of B mesons, is explicitly removed by using a proper-lifetime mea-
surement. A significant fraction of the J/ψ prompt cross section is caused by feed-down decays
from the ψ(2S) (more than 8%, increasing with pT) and from the χc (more than 25%) [18]. There
are no feed-down decays from heavier charmonium states to the ψ(2S) state, making it partic-
ularly interesting and easier to compare the measured polarization of this state with theoretical
calculations. The polarization extraction method uses the dimuon invariant-mass distribution
to separate the ψ(nS) signal contributions from the continuum muon pairs from other processes
(mostly pairs of muons resulting from decays of uncorrelated heavy-flavour mesons).
2 2 CMS detector and data processing
The two-dimensional shape of the decay angular distribution (in cos ϑ and ϕ) is used to extract
the three frame-dependent anisotropy parameters in three polarization frames, characterized
by different choices of the quantization axis in the production plane: the centre-of-mass helic-
ity (HX) frame, where the z axis coincides with the direction of the ψ(nS) momentum in the
laboratory; the Collins–Soper (CS) frame [19], whose z axis is the bisector of the two beam di-
rections in the ψ(nS) rest frame; and the perpendicular helicity (PX) frame [20], with the z axis
orthogonal to that in the CS frame. The y axis is taken, in all cases, to be in the direction of the
vector product of the two beam directions in the charmonium rest frame, ~P1 × ~P2 and ~P2 × ~P1
for positive and negative dimuon rapidities, respectively. More details regarding these frames
are provided in Ref. [8]. The parameter λ˜, introduced in Ref. [11] to provide an alternative and
frame-independent characterization of the quarkonium polarization properties, is measured si-
multaneously with the other parameters. This multidimensional approach reduces and keeps
under control the smearing effects of the (unavoidable) partial averaging of the results over the
range of the production and decay kinematics. This is important to minimize the possible in-
terpretation ambiguities in the comparison with theoretical predictions and other experimental
measurements [8].
2 CMS detector and data processing
The CMS apparatus [21] was designed around a central element: a superconducting solenoid
of 6 m internal diameter, providing a 3.8 T field. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass/scintillator
hadron calorimeter. Muons are measured in gas-ionization detectors embedded in the steel
return yoke outside the solenoid and made using three technologies: drift tubes, cathode strip
chambers, and resistive plate chambers. Extensive forward calorimetry complements the cov-
erage provided by the barrel and endcap detectors. The main subdetectors used in this analysis
are the silicon tracker and the muon system, which enable the measurement of muon momenta
over the pseudorapidity range |η| < 2.4.
The events were collected using a two-level trigger system. The first level consists of cus-
tom hardware processors and uses information from the muon system to select events with
two muons. The “high-level trigger” significantly reduces the number of events written to
permanent storage by requiring an opposite-sign muon pair that fulfills certain kinematic con-
ditions: invariant mass 2.8 < M < 3.35 GeV, pT > 9.9 GeV, and |y| < 1.25 for the J/ψ trigger;
3.35 < M < 4.05 GeV and pT > 6.9 GeV for the ψ(2S) trigger. There is no rapidity requirement
on the ψ(2S) trigger, given its lower cross section, permitting an extra bin at forward rapid-
ity with respect to the J/ψ case. No pT requirement is imposed on the single muons at trigger
level, only on the dimuon. Both triggers require a dimuon vertex-fit χ2 probability greater than
0.5%. Events where the two muons bend towards each other in the magnetic field are rejected
to lower the trigger rate while retaining the events where the dimuon detection efficiencies are
most reliable.
The dimuons are reconstructed by combining two opposite-sign muons. The muon tracks are
required to have hits in at least 11 tracker layers, at least two of which should be in the sil-
icon pixel detector, and to be matched with at least one segment in the muon system. They
must have a good track-fit quality (χ2 per degree of freedom smaller than 1.8) and point to the
interaction region. The selected muons must also be close, in pseudorapidity and azimuthal
angle, to the muon objects responsible for triggering the event. In order to ensure accurately
measured muon detection efficiencies, the analysis is restricted to muons produced within the
range |η| < 1.6 and having transverse momentum above 4.5, 3.5, and 3.0 GeV for |η| < 1.2,
31.2 < |η| < 1.4, and 1.4 < |η| < 1.6, respectively. The continuum background due to pairs
of uncorrelated muons is reduced by requiring a dimuon vertex-fit χ2 probability larger than
1%. After applying all event selection criteria and background removal, the total numbers
of prompt plus nonprompt J/ψ events are 2.3 M and 2.4 M in the rapidity bins |y| < 0.6 and
0.6 < |y| < 1.2, respectively. The corresponding ψ(2S) yields are 126 k, 136 k, and 55 k for
|y| < 0.6, 0.6 < |y| < 1.2, and 1.2 < |y| < 1.5, respectively. In each of these |y| ranges, the
analysis is performed in several pT bins, with boundaries at 14, 16, 18, 20, 22, 25, 30, 35, 40, 50,
and 70 GeV for the J/ψ, and 14, 18, 22, 30, and 50 GeV for the ψ(2S).
The single-muon detection efficiencies are measured by a tag-and-probe technique [22], using
event samples collected with dedicated triggers enriched in dimuons from J/ψ decays, where
a muon is combined with a track and the pair is required to have an invariant mass within
the range 2.8–3.4 GeV. The measurement procedure has been validated in the fiducial region
of the analysis with detailed Monte Carlo (MC) simulation studies. The single-muon efficien-
cies are precisely measured and parametrized as a function of pT, in eight |η| bins, to avoid
biases in the angular distributions that could mimic polarization effects. Their uncertainties,
reflecting the statistical precision of the tag-and-probe samples and possible imperfections of
the parametrization, contribute to the systematic uncertainty in the polarization measurement.
At high dimuon pT, when the two decay muons might be emitted relatively close to each other,
the dimuon trigger has a lower efficiency than the simple product of the two single-muon effi-
ciencies. Detailed MC simulations, validated with data collected with single-muon and dimuon
triggers, are used to correct these trigger-induced muon-pair correlations.
3 Extraction of the polarization parameters
For each ψ(nS) (pT, |y|) bin, the dimuon invariant-mass distribution is fitted, using an un-
binned maximum-likelihood fit, with an exponential function representing the underlying con-
tinuum background and two Crystal Ball (CB) functions [23] representing each peak. The two
CB functions have independent widths, σCB1 and σCB2 , to accommodate the changing dimuon
invariant-mass resolution within the rapidity cells, but share the same mean µCB and tail factors
αCB and nCB (the latter fixed to 2.5).
Figure 1 shows two representative dimuon invariant-mass distributions in specific kinematic
bins of the analysis. The dimuon invariant-mass resolution σ at the ψ(nS) masses is evaluated





+ (1− fCB1) σ2CB2 , where fCB1 is the relative weight
of the CB1 function. The pT-integrated values are σJ/ψ = 21 and 32 MeV for |y| < 0.6 and
0.6 < |y| < 1.2, respectively, and σψ(nS) = 25, 37, and 48 MeV for |y| < 0.6, 0.6 < |y| < 1.2, and
1.2 < |y| < 1.5, respectively. For each (pT, |y|) bin, the measured mass resolution is used to
define a±3σ signal window around the resonance mass [24], m, as well as two mass sidebands,
at lower and higher masses: from 2.85 GeV to mJ/ψ − 4σJ/ψ and from mJ/ψ + 3.5σJ/ψ to 3.3 GeV for
the J/ψ; from 3.4 GeV to mψ(2S) − 4σψ(2S) and from mψ(2S) + 3.5σψ(2S) to 4 GeV for the ψ(2S). The
larger gap in the low-mass sideband definition compared to the high-mass sideband minimizes
the signal contamination induced by the low-mass tail of the signal peaks. The result of the
invariant-mass fit provides the fraction of continuum-background events.
To minimize the fraction of charmonia from B decays in the sample used for the polariza-
tion measurement, a “prompt-signal region” is defined using the dimuon pseudo-proper life-
time [25], ` = Lxy ·mψ(nS)/pT, where Lxy is the transverse decay length in the laboratory frame.
The measurement of Lxy is performed after removing the two muon tracks from the calculation
of the primary vertex position; in the case of events with multiple collision vertices (pileup),
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Figure 1: Dimuon invariant-mass distribution in the J/ψ (left) and ψ(2S) (right) regions for an
intermediate pT bin and |y| < 0.6. The vertical lines delimit the signal region (dot-dashed) and
the mass sidebands (dashed). The results of the fits are shown by the solid (signal+background)
and dashed (background only) curves.
we select the one closest to the direction of the dimuon momentum, extrapolated towards the
beam line.
The modelling of the resolution of the pseudo-proper lifetime exploits the per-event uncer-
tainty information provided by the vertex reconstruction algorithm. The prompt-signal com-
ponent is modelled by the resolution function, the nonprompt component by an exponential
decay function convolved with the resolution function, and the continuum-background com-
ponent by the sum of three exponential functions, also convolved with the resolution function.
This composite model describes the data well with a relatively small number of free parame-
ters. The systematic uncertainties induced by the lifetime fit in the polarization measurement
are negligible. Figure 2 shows representative pseudo-proper-lifetime distributions for dimuons
in the two ψ(nS) signal regions, together with the results of unbinned maximum-likelihood fits,
performed simultaneously in the signal region and mass sidebands.
Pseudo-proper lifetime [mm]
















 < 20 GeVT18 < p
|y| < 0.6
CMS
 = 7 TeVspp
-1L = 4.9 fb
2.5
(2S)ψ
 < 22 GeVT18 < p
|y| < 0.6
CMS
 = 7 TeVspp
-1L = 4.9 fb
Pseudo-proper lifetime [mm]















Figure 2: Pseudo-proper-lifetime distribution in the J/ψ (left) and ψ(2S) (right) mass regions
for intermediate pT bins and |y| < 0.6. The results of the fits are shown by the solid curve,
representing the sum of three contributions: prompt (dash-dotted), nonprompt (dotted), and
background (dashed).
5The prompt-signal regions, dominated by prompt charmonium events, are defined as ±3σ`
signal windows around ` = 0, where the lifetime resolution, σ`, is measured to be (for the
phase space probed in this analysis) in the range 12–25 µm, improving with increasing dimuon
pT. The fractions of charmonia from B decays ( fNP) and continuum-background events ( fB)
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Figure 3: Fractions of prompt charmonium (circles), charmonium from B decays (squares), and
continuum-background (stars) events in the prompt-signal mass-lifetime J/ψ (closed symbols)
and ψ(2S) (open symbols) regions versus the dimuon pT for |y| < 0.6. A sideband subtraction
technique removes the B and continuum backgrounds from the polarization analysis.
For each ψ(nS) state, the angular distribution of the continuum background is modelled as
the weighted sum of the distributions measured in the two mass sidebands (restricted to the
prompt-lifetime region), with weights derived under the assumption that the background dis-
tribution changes linearly with the dimuon mass. This assumption is validated by comparing
the (small) differences of the effective background polarizations measured in the four dimuon
invariant-mass sidebands. The angular distribution of the ψ(nS) from B decays is modelled us-
ing the events in the ψ(nS) mass peak belonging to the “nonprompt-lifetime region”, ` > 3σ`,
after subtracting the corresponding continuum-background contribution, interpolated from
the nonprompt mass-sideband regions. As a cross-check of the analysis, the polarization of
the nonprompt component was also measured, in two lifetime regions (` > 3σ` and ` > 5σ`),
with consistent results.
The total background is the sum of the continuum-background and charmonia from B de-
cays present in the prompt-signal region. To remove the background component, a fraction
fB,tot = fB + fNP of the events is randomly selected by a procedure based on the likelihood-ratio
LB/LS+B, where LB (LS+B) is the likelihood for an event under the background-only (signal-
plus-background) hypothesis. This selection operates in such a way that the chosen events are
distributed according to the (pT, |y|, M, cos ϑ, ϕ) distribution of the background model. The
randomly selected events are removed from the sample.
The remaining (signal-like) events are used to calculate the posterior probability density (PPD)
of the prompt-ψ(nS) polarization parameters (~λ) for each kinematic bin,
P(~λ) =∏
i
E(~p (i)1 ,~p (i)2 ), (2)
6 3 Extraction of the polarization parameters
where E is the probability density as a function of the two muon momenta ~p1,2 in event i. Uni-
form priors are used in the full~λ parameter space. Many previous polarization measurements
were dependent on assumptions made about the production kinematics because of the use of
simulated acceptance and efficiency dilepton (cos ϑ, ϕ) maps, averaged over all events in the
considered kinematic cell. This analysis, instead, uses the efficiencies measured as a function
of muon momentum, attributing to each event a probability dependent on the full event kine-
matics (not only on cos ϑ and ϕ) and on the values of the polarization parameters. The event
probability is calculated as
E(~p1,~p2) = 1N (~λ)W(cos ϑ, ϕ|
~λ) e(~p1,~p2), (3)
where W is defined in Eq. (1) and e(~p1,~p2) is the dimuon detection efficiency. The N (~λ) nor-























To perform this integration, e(~p1,~p2) is expressed in terms of cos ϑ and ϕ using the background-
removed (pT, |y|, M) distributions. The background-removal procedure is repeated 50 times to
minimize the statistical fluctuations associated with its random nature, and the PPD is obtained
as the average of the 50 individual densities. The value 50 is very conservative; 20 iterations
would have been sufficient to provide stable results.
Figure 4 illustrates the measured cos ϑ and ϕ distributions in the HX frame for the case of
J/ψ signal events in the kinematic bin |y| < 0.6 and 18 < pT < 20 GeV, after background
removal. The data points are compared to curves reflecting the “best fit” (solid lines) as well as
two extreme scenarios (dashed and dotted lines), corresponding to the λϑ, λϕ, and λϑϕ values
reported in the legends of the plots.
Most of the systematic uncertainties we have considered were studied and quantified (for each
charmonium and each kinematic bin) with pseudo-experiments based on simulated events.
Each test evaluates a specific systematic uncertainty and uses 50 statistically independent event
samples, individually generated and reconstructed. The difference between the median of the
50 obtained polarization parameters and the injected values provides the systematic uncer-
tainty corresponding to the effect under study. In particular, several signal and background
polarization scenarios have been used to evaluate the reliability of the analysis framework, in-
cluding extreme signal polarizations in the highest-pT bins of the analysis, where the dimuon
trigger inefficiency has the strongest effect. Possible residual biases in the muon or dimuon
efficiencies, resulting from the tag-and-probe measurement precision or from the efficiency
parametrization, could affect the extraction of the polarization parameters. This effect is eval-
uated by applying uncertainty-based changes to the used efficiencies. The systematic uncer-
tainty resulting from the unknown background angular distribution under the signal peak is
evaluated using the measured data, by changing the relative weights of the low- and high-mass
sidebands in the background model between 0.25 and 0.75, very different from the measured
7HXϑcos
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Figure 4: Frequency distributions of cos ϑ (left) and ϕ (right) angular variables, in the HX frame
for the J/ψ in an intermediate pT bin and |y| < 0.6. The curves represent the expected distribu-
tions for two extreme polarization scenarios (dashed and dotted lines defined in the legends)
and for the measured~λ (solid lines).
values of ≈0.5. The resulting uncertainty is negligible, as expected given the small magnitude
of the background and the proximity of the mass sidebands to the charmonia peaks. The sys-
tematic uncertainty associated with the definition of the prompt-signal region is evaluated as
the difference between the MC simulation results obtained with a ±3σ` window and with no
pseudo-proper-lifetime requirement.
The ψ(2S) polarization uncertainties are dominated by statistics limitations in all (pT, |y|) bins.
In the J/ψ case, at high pT the uncertainties are dominated by the statistical accuracy, while
for pT . 30 GeV they are determined by systematic effects. The largest among these include
the single-muon (≈0.1, 0.02, and 0.03) and dimuon (≈0.05, 0.03, and 0.02) efficiencies, and the
prompt-region definition (≈0.03, 0.02, and 0.01); the values given correspond to the systematic
uncertainties for λϑ, λϕ, and λϑϕ, respectively, in the HX frame, averaged over the rapidity bins.
The final PPD of the polarization parameters is the average of the PPDs corresponding to all
hypotheses considered in the determination of the systematic uncertainties. The central value
of each polarization parameter, for each kinematic bin, is evaluated as the mode of the asso-
ciated one-dimensional marginal posterior, which is calculated by numerical integration. The
corresponding uncertainties, at a given confidence level (CL), are given by the [λ1,λ2] intervals,
defined such that each of the regions [−∞,λ1] and [λ2,∞] integrates to half of (1− CL) of the
marginal PPD. Two-dimensional marginal posteriors provide information about correlations
between the measurements of the three λ parameters. As an example, Fig. 5 shows the two-
dimensional marginals for λϕ vs. λϑ (left) and λϑϕ vs. λϕ (right) measured from J/ψ at |y| < 0.6
and 18 < pT < 20 GeV, displaying the 68.3% and 99.7% CL contours for the CS and PX frames.
The figure also indicates the physically allowed regions for the decay of a J = 1 particle; this re-
gion does not affect the calculation of the PPD anywhere in the analysis. For visibility reasons,
the HX curves are not shown; in the phase space of this analysis (mid-rapidity and relatively
high pT), the HX and PX frames are almost identical.
4 Results
The frame-dependent λ parameters measured in the HX frame are presented, for both charmo-
nia, in Fig. 6, as a function of pT and |y|. The average values of pT and |y| are given in Table 1 of
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Figure 5: Two-dimensional marginals of the PPD in the λϕ vs. λϑ (left) and λϑϕ vs. λϕ (right)
planes, for J/ψ with |y| < 0.6 and 18 < pT < 20 GeV. The 68.3% and 99.7% CL total uncer-
tainties are shown for the CS and PX frames. The shaded areas represent physically forbidden
regions of parameter space [12].
Appendix A for each kinematic bin. The solid curves in the top two panels of Fig. 6 represent
next-to-leading order (NLO) NRQCD calculations [26] of the λϑ parameter for prompt J/ψ and
ψ(2S) mesons as a function of pT for |y| < 2.4. The dashed lines give an estimate of the uncer-
tainties in the theoretical predictions. The measured values of λϑ are in clear disagreement with
these NLO NRQCD calculations. Figure 7 displays the frame-invariant parameter, λ˜, measured
in the CS, HX, and PX frames, for the rapidity range |y| < 0.6. The three sets of λ˜ measure-
ments are in good agreement, as required in the absence of unaddressed systematic effects; the
same consistency is also observed in the other rapidity bins. All the results for λϑ, λϕ, λϑϕ, and
λ˜, for the two ψ(nS) states and in the three frames considered in this analysis, including the
total 68.3%, 95.5%, and 99.7% CL uncertainties and the 68.3% CL statistical uncertainties, are
tabulated in Appendix A.
None of the three polarization frames shows large polarizations, excluding the possibility that
a significant polarization could remain undetected because of smearing effects induced by in-
appropriate frame choices [8]. While a small prompt J/ψ polarization can be interpreted as
reflecting a mixture of directly produced mesons with those produced in the decays of heavier
(P-wave) charmonium states, this explanation cannot apply to the ψ(2S) state, unaffected by
feed-down decays from heavier charmonia.
5 Summary
In summary, the polarizations of prompt J/ψ and ψ(2S) mesons produced in pp collisions at√
s = 7 TeV have been determined as a function of the ψ(nS) pT in two or three rapidity ranges,
extending well beyond the domains probed by previous experiments, and in three different
polarization frames, using both frame-dependent and frame-independent parameters. All the
measured λ parameters are close to zero, excluding large polarizations in the explored kine-
matic regions. These results are in clear disagreement with existing NLO NRQCD calcula-
tions [26–28] and provide a good basis for significant improvements in the understanding of
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Figure 6: Polarization parameters λϑ, λϕ, and λϑϕ measured in the HX frame for prompt J/ψ
(left) and ψ(2S) (right) mesons, as a function of pT and for several |y| bins. The error bars rep-
resent total uncertainties (at 68.3% CL). The curves in the top two panels represent calculations
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Figure 7: Values of the frame-independent parameter λ˜ for the J/ψ (left) and ψ(2S) (right)
measured in the CS, HX, and PX frames, as a function of pT and for |y| < 0.6. The error bars
represent total uncertainties (at 68.3% CL).
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Table 1 gives the average values of pT and |y| for each kinematical bin. Tables 2–25 list the re-
sults of the angular anisotropy parameters λϑ, λϕ, and λϑϕ, and the frame-invariant parameter
λ˜, for the two ψ(nS) states in the Collins-Soper (CS), helicity (HX), and perpendicular helicity
(PX) frames, along with their total uncertainties (68.3%, 95.5%, and 99.7% CL) and statistical
uncertainties only (68.3% CL) in different bins of ψ(nS) transverse momentum pT and absolute
rapidity |y|.
Table 1: Average pT (in GeV) and |y|, for each ψ(nS) kinematical bin.
pT (GeV)
0.0 < |y| < 0.6 0.6 < |y| < 1.2 1.2 < |y| < 1.5
〈pT〉 〈|y|〉 〈pT〉 〈|y|〉 〈pT〉 〈|y|〉
J/ψ
10–12 11.0 0.30 11.0 0.92 – –
12–14 12.9 0.30 12.9 0.91 – –
14–16 14.9 0.30 14.9 0.90 – –
16–18 16.9 0.30 16.9 0.90 – –
18–20 18.9 0.30 18.9 0.89 – –
20–22 20.9 0.30 20.9 0.89 – –
22–25 23.3 0.30 23.3 0.89 – –
25–30 27.1 0.30 27.1 0.89 – –
30–35 32.2 0.30 32.2 0.89 – –
35–40 37.2 0.30 37.2 0.88 – –
40–50 44.0 0.30 44.0 0.89 – –
50–70 56.8 0.30 56.9 0.88 – –
ψ(2S)
10–14 11.9 0.30 11.8 0.92 11.8 1.33
14–18 15.7 0.30 15.6 0.90 15.7 1.33
18–22 19.7 0.30 19.7 0.89 19.6 1.33
22–30 25.0 0.31 25.1 0.88 25.1 1.34
30–50 35.4 0.31 35.7 0.89 36.0 1.34
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Table 2: λϑ in the CS frame for the J/ψ.
|y| pT λϑ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6
14–16 −0.116 +0.102−0.116 +0.210−0.224 +0.319−0.333 +0.024−0.025
16–18 −0.062 +0.082−0.088 +0.167−0.173 +0.251−0.258 +0.024−0.024
18–20 −0.102 +0.066−0.073 +0.135−0.139 +0.201−0.208 +0.025−0.026
20–22 −0.066 +0.058−0.063 +0.121−0.126 +0.181−0.187 +0.028−0.028
22–25 −0.107 +0.055−0.061 +0.114−0.117 +0.169−0.175 +0.027−0.027
25–30 −0.049 +0.080−0.088 +0.163−0.172 +0.252−0.260 +0.029−0.029
30–35 −0.227 +0.087−0.094 +0.175−0.182 +0.263−0.270 +0.033−0.033
35–40 −0.048 +0.104−0.114 +0.214−0.218 +0.323−0.321 +0.057−0.057
40–50 −0.154 +0.098−0.105 +0.197−0.204 +0.296−0.298 +0.058−0.057









16–18 −0.017 +0.046−0.051 +0.097−0.100 +0.145−0.151 +0.024−0.025
18–20 −0.074 +0.046−0.051 +0.095−0.099 +0.143−0.145 +0.023−0.023
20–22 −0.039 +0.046−0.051 +0.096−0.099 +0.146−0.146 +0.030−0.030
22–25 −0.029 +0.045−0.049 +0.092−0.096 +0.142−0.141 +0.028−0.029
25–30 −0.049 +0.051−0.054 +0.104−0.108 +0.158−0.162 +0.028−0.029
30–35 −0.051 +0.053−0.059 +0.112−0.114 +0.168−0.167 +0.040−0.042
35–40 −0.141 +0.095−0.103 +0.189−0.198 +0.288−0.292 +0.051−0.051
40–50 −0.033 +0.096−0.104 +0.204−0.206 +0.306−0.303 +0.070−0.065
50–70 −0.217 +0.110−0.118 +0.227−0.222 +0.344−0.327 +0.088−0.081
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Table 3: λϕ in the CS frame for the J/ψ.

































































50–70 −0.045 +0.079−0.091 +0.164−0.177 +0.245−0.262 +0.060−0.067
0.6–1.2
14–16 −0.031 +0.057−0.061 +0.113−0.120 +0.172−0.179 +0.023−0.026



















































16 A Supplemental material
Table 4: λϑϕ in the CS frame for the J/ψ.









16–18 −0.030 +0.031−0.034 +0.065−0.069 +0.097−0.101 +0.009−0.010
18–20 −0.017 +0.031−0.035 +0.064−0.068 +0.096−0.100 +0.011−0.011
20–22 −0.001 +0.030−0.034 +0.062−0.066 +0.093−0.098 +0.012−0.013





























50–70 −0.035 +0.054−0.059 +0.108−0.113 +0.164−0.169 +0.046−0.050
0.6–1.2
14–16 −0.035 +0.034−0.038 +0.071−0.073 +0.105−0.109 +0.009−0.009
16–18 −0.044 +0.031−0.035 +0.065−0.068 +0.097−0.100 +0.009−0.009
18–20 −0.054 +0.028−0.031 +0.057−0.061 +0.087−0.090 +0.010−0.011
20–22 −0.040 +0.032−0.036 +0.066−0.070 +0.101−0.105 +0.012−0.014
22–25 −0.028 +0.032−0.035 +0.065−0.068 +0.097−0.101 +0.013−0.014
25–30 −0.023 +0.031−0.034 +0.063−0.066 +0.095−0.100 +0.014−0.015
30–35 −0.020 +0.038−0.044 +0.080−0.085 +0.122−0.125 +0.020−0.023
35–40 −0.031 +0.040−0.045 +0.081−0.086 +0.123−0.127 +0.027−0.030
40–50 −0.074 +0.042−0.047 +0.088−0.093 +0.132−0.139 +0.032−0.036
50–70 −0.073 +0.055−0.061 +0.110−0.116 +0.165−0.171 +0.046−0.051
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Table 5: λ˜ in the CS frame for the J/ψ.


























































40–50 −0.079 +0.163−0.171 +0.330−0.329 +0.506−0.478 +0.126−0.117
50–70 −0.214 +0.219−0.206 +0.456−0.407 +0.692−0.596 +0.189−0.152
0.6–1.2
14–16 −0.088 +0.104−0.118 +0.218−0.226 +0.332−0.339 +0.047−0.049
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Table 6: λϑ in the HX frame for the J/ψ.










































































































































Table 7: λϕ in the HX frame for the J/ψ.
|y| pT λϕ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6
14–16 −0.016 +0.025−0.027 +0.051−0.053 +0.077−0.079 +0.004−0.005
16–18 −0.021 +0.026−0.029 +0.054−0.056 +0.082−0.084 +0.005−0.006
18–20 −0.014 +0.023−0.025 +0.047−0.050 +0.072−0.074 +0.006−0.007
20–22 −0.020 +0.030−0.032 +0.059−0.063 +0.090−0.093 +0.008−0.009
22–25 −0.022 +0.027−0.031 +0.056−0.058 +0.084−0.088 +0.009−0.010
25–30 −0.015 +0.039−0.042 +0.077−0.081 +0.118−0.121 +0.010−0.011








40–50 −0.072 +0.047−0.050 +0.095−0.101 +0.144−0.150 +0.030−0.033
50–70 −0.072 +0.064−0.070 +0.132−0.141 +0.199−0.205 +0.047−0.053
0.6–1.2
14–16 −0.020 +0.035−0.039 +0.070−0.074 +0.107−0.111 +0.005−0.005
16–18 −0.020 +0.034−0.038 +0.070−0.074 +0.108−0.110 +0.005−0.006
18–20 −0.024 +0.034−0.038 +0.070−0.074 +0.104−0.108 +0.007−0.007








25–30 −0.019 +0.030−0.033 +0.062−0.065 +0.093−0.098 +0.011−0.012
30–35 −0.017 +0.033−0.038 +0.070−0.073 +0.105−0.108 +0.018−0.019
35–40 −0.044 +0.043−0.049 +0.090−0.094 +0.135−0.139 +0.026−0.029
40–50 −0.014 +0.045−0.048 +0.091−0.094 +0.137−0.140 +0.032−0.034
50–70 −0.055 +0.060−0.066 +0.122−0.127 +0.187−0.192 +0.054−0.057
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Table 8: λϑϕ in the HX frame for the J/ψ.
|y| pT λϑϕ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6























25–30 −0.005 +0.029−0.032 +0.059−0.062 +0.090−0.093 +0.014−0.016
30–35 −0.049 +0.040−0.043 +0.081−0.087 +0.125−0.128 +0.023−0.025
35–40 −0.017 +0.040−0.043 +0.082−0.086 +0.122−0.126 +0.030−0.033
















































































Table 9: λ˜ in the HX frame for the J/ψ.


























































40–50 −0.066 +0.157−0.166 +0.328−0.328 +0.508−0.481 +0.123−0.117
50–70 −0.197 +0.219−0.209 +0.451−0.406 +0.694−0.603 +0.184−0.155
0.6–1.2
14–16 −0.091 +0.105−0.114 +0.214−0.224 +0.330−0.333 +0.050−0.047
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Table 10: λϑ in the PX frame for the J/ψ.









































































14–16 −0.044 +0.101−0.107 +0.203−0.214 +0.310−0.316 +0.048−0.050


























































Table 11: λϕ in the PX frame for the J/ψ.
|y| pT λϕ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6
14–16 −0.016 +0.022−0.025 +0.047−0.048 +0.070−0.073 +0.004−0.005
16–18 −0.020 +0.025−0.028 +0.052−0.055 +0.078−0.082 +0.006−0.006
18–20 −0.013 +0.023−0.026 +0.048−0.049 +0.072−0.074 +0.007−0.007
20–22 −0.020 +0.027−0.031 +0.056−0.059 +0.084−0.087 +0.008−0.009
22–25 −0.022 +0.026−0.029 +0.053−0.055 +0.079−0.083 +0.009−0.010
25–30 −0.015 +0.037−0.042 +0.077−0.082 +0.118−0.120 +0.010−0.011








40–50 −0.072 +0.046−0.052 +0.095−0.099 +0.142−0.148 +0.029−0.032
50–70 −0.071 +0.063−0.073 +0.132−0.138 +0.200−0.206 +0.048−0.053
0.6–1.2
14–16 −0.014 +0.032−0.035 +0.065−0.069 +0.099−0.102 +0.004−0.004
16–18 −0.014 +0.031−0.036 +0.065−0.068 +0.097−0.100 +0.005−0.006
18–20 −0.018 +0.032−0.036 +0.064−0.068 +0.099−0.101 +0.007−0.007








25–30 −0.018 +0.030−0.033 +0.061−0.064 +0.093−0.095 +0.011−0.012
30–35 −0.016 +0.033−0.036 +0.065−0.069 +0.099−0.103 +0.017−0.019
35–40 −0.042 +0.044−0.048 +0.089−0.095 +0.136−0.139 +0.026−0.029
40–50 −0.010 +0.043−0.047 +0.087−0.093 +0.134−0.137 +0.031−0.034
50–70 −0.052 +0.061−0.068 +0.122−0.129 +0.187−0.190 +0.052−0.057
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Table 12: λϑϕ in the PX frame for the J/ψ.





































25–30 −0.003 +0.028−0.030 +0.057−0.059 +0.086−0.088 +0.014−0.016
30–35 −0.036 +0.038−0.043 +0.080−0.083 +0.121−0.125 +0.023−0.025
35–40 −0.015 +0.040−0.045 +0.082−0.086 +0.125−0.128 +0.029−0.033
















































































Table 13: λ˜ in the PX frame for the J/ψ.


























































40–50 −0.067 +0.168−0.176 +0.353−0.344 +0.530−0.512 +0.127−0.116
50–70 −0.197 +0.217−0.225 +0.456−0.428 +0.707−0.619 +0.182−0.152
0.6–1.2
14–16 −0.084 +0.107−0.115 +0.221−0.229 +0.335−0.337 +0.051−0.048
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Table 14: λϑ in the CS frame for the ψ(2S).
|y| pT λϑ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6
14–18 −0.124 +0.105−0.108 +0.224−0.215 +0.342−0.315 +0.078−0.063
18–22 −0.118 +0.107−0.104 +0.215−0.196 +0.339−0.288 +0.086−0.076
























30–50 −0.066 +0.146−0.116 +0.312−0.227 +0.542−0.322 +0.138−0.103
1.2–1.5
14–18 −0.021 +0.123−0.125 +0.250−0.245 +0.384−0.359 +0.086−0.077








30–50 −0.058 +0.213−0.187 +0.442−0.370 +0.705−0.531 +0.194−0.148
Table 15: λϕ in the CS frame for the ψ(2S).

























14–18 −0.076 +0.088−0.103 +0.179−0.209 +0.264−0.315 +0.058−0.083
18–22 −0.155 +0.096−0.125 +0.197−0.244 +0.287−0.376 +0.075−0.106






































Table 16: λϑϕ in the CS frame for the ψ(2S).









18–22 −0.098 +0.040−0.046 +0.082−0.090 +0.124−0.135 +0.033−0.039









14–18 −0.038 +0.045−0.048 +0.092−0.098 +0.141−0.144 +0.027−0.029
18–22 −0.025 +0.046−0.052 +0.096−0.099 +0.144−0.149 +0.037−0.040
























30–50 −0.033 +0.107−0.117 +0.235−0.226 +0.395−0.335 +0.095−0.102
Table 17: λ˜ in the CS frame for the ψ(2S).

























14–18 −0.214 +0.176−0.186 +0.367−0.367 +0.557−0.548 +0.126−0.128
18–22 −0.365 +0.179−0.183 +0.361−0.355 +0.551−0.509 +0.149−0.141
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Table 18: λϑ in the HX frame for the ψ(2S).

























14–18 −0.064 +0.154−0.164 +0.322−0.324 +0.481−0.475 +0.127−0.133
18–22 −0.188 +0.165−0.169 +0.332−0.336 +0.508−0.485 +0.142−0.147





































Table 19: λϕ in the HX frame for the ψ(2S).
|y| pT λϕ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6
14–18 −0.021 +0.030−0.033 +0.061−0.065 +0.094−0.098 +0.013−0.015
18–22 −0.030 +0.035−0.039 +0.073−0.077 +0.111−0.115 +0.024−0.025









14–18 −0.045 +0.035−0.039 +0.074−0.078 +0.111−0.115 +0.014−0.015
18–22 −0.052 +0.036−0.040 +0.074−0.079 +0.115−0.117 +0.022−0.023






























30–50 −0.008 +0.105−0.117 +0.207−0.219 +0.303−0.322 +0.080−0.094
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Table 20: λϑϕ in the HX frame for the ψ(2S).
|y| pT λϑϕ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6















































18–22 −0.166 +0.076−0.090 +0.155−0.177 +0.233−0.260 +0.063−0.080








Table 21: λ˜ in the HX frame for the ψ(2S).

























14–18 −0.190 +0.171−0.176 +0.341−0.345 +0.519−0.515 +0.132−0.129
18–22 −0.329 +0.177−0.184 +0.353−0.351 +0.538−0.508 +0.147−0.145
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Table 22: λϑ in the PX frame for the ψ(2S).

























14–18 −0.078 +0.158−0.169 +0.317−0.328 +0.485−0.487 +0.120−0.130
18–22 −0.200 +0.165−0.175 +0.334−0.327 +0.504−0.478 +0.142−0.145





































Table 23: λϕ in the PX frame for the ψ(2S).
|y| pT λϕ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6
14–18 −0.022 +0.031−0.035 +0.063−0.067 +0.096−0.101 +0.013−0.015
18–22 −0.025 +0.035−0.039 +0.073−0.076 +0.110−0.112 +0.024−0.025









14–18 −0.038 +0.033−0.036 +0.068−0.072 +0.103−0.107 +0.014−0.014
18–22 −0.048 +0.033−0.037 +0.070−0.074 +0.105−0.109 +0.022−0.023






























30–50 −0.006 +0.108−0.118 +0.213−0.223 +0.312−0.328 +0.079−0.090
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Table 24: λϑϕ in the PX frame for the ψ(2S).
|y| pT λϑϕ Total uncertainty Stat. unc.(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
0.0–0.6















































18–22 −0.145 +0.076−0.086 +0.153−0.167 +0.226−0.244 +0.065−0.075








Table 25: λ˜ in the PX frame for the ψ(2S).

























14–18 −0.185 +0.164−0.173 +0.338−0.347 +0.511−0.511 +0.122−0.126
18–22 −0.329 +0.181−0.188 +0.361−0.358 +0.550−0.519 +0.145−0.144
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